Abstract One reversible phase transition at T h c = 261.2 K (upon heating) was observed for [Ca(H 2 O) 2 ](ReO 4 ) 2 in the 120-300 K range. Thermal hysteresis of the phase transition temperature T C of ca. 30 K and heat flow anomaly sharpness suggest that the detected phase transition is of a first-order type. The entropy change value (DS & 1.6 ± 0.08 J mol -1 K -1 ), associated with the observed phase transition (PT), indicates a moderate degree of molecular dynamical disorder. X-ray single crystal and neutron powder diffraction measurements indicated that the crystal space group (I 2/a) is the same for the high-and lowtemperature phases. However, FT-IR and RS spectra show a narrowing (during sample cooling) of the bands connected with vibrations of the H 2 O molecules and ReO 4 -ions. This suggests that the anions and the ligands from the complex cation perform rapid (picosecond correlation time scale, which is characteristic of optical spectroscopy) stochastic reorientational motions in the low-and hightemperature phases. Moreover, apart from the narrowing, the splitting of some bands can be seen below the phase transition.
Introduction
2? complex cations. Similar compounds with the same ligand [1] [2] [3] and anion [4, 5] exhibit also an interesting polymorphism.
At room temperature (RT), diaquacalcium rhenate(VII) crystallises in the centrosymmetric monoclinic system (space group C2/c, No. = 15) with the unit cell parameters: a = 18.8975(2) Å , b = 7.0720(2) Å , c = 14.1910(2) Å , a = b = 90 o , c = 115.38 o and with eight molecules per unit cell (Z = 8) [6] . However, in the literature one can find that this compound crystallises in noncentrosymmetric monoclinic space group Cc [7] or C2 [8] . The ReO 4 -anions have a mostly regular tetrahedral geometry with an average Re-O bond length of 1.72 Å [7] . The calcium atoms in this structure are surrounded by eight oxygen atoms with an average Ca-O distance of *2.46 Å . The Ca 2 (H 2 O) 4 O 10 polyhedral long-chain structure is formed [6] [7] [8] .
The polymorphism of the above-mentioned compound was investigated by us (unpublished data) by means of differential scanning calorimetry. The measurements were performed in the temperature range of 300-120 K on cooling and heating of the sample at different rates.
It was thought interesting to see whether a compound of the same type (with H 2 O ligands or ReO 4 -anions) will possess a phase polymorphism similar to that of those compounds just mentioned. The general aim of the present study is to investigate the polymorphism of [Ca(H 2 O) 2 ] (ReO 4 ) 2 in the temperature range of 120-300 K and find the connections of recorded phase transition with eventual changes of the crystal structure and/or of the rate of stochastic reorientational motions of H 2 O ligands.
For this purpose, we employed differential scanning calorimetry (DSC), Fourier transform far-and middle-infrared spectroscopy (FT-FIR and FT-MIR), X-ray single crystal diffraction (XRSCD) and neutron powder diffraction (NPD) measurements. The optical spectroscopy methods provide information on fast reorientational (s R is of an order: from 10 -11 to 10 -13 s) molecular motions. In addition, we would like to obtain a better understanding of mechanisms of thermal decomposition of the title compound, particularly of its dehydration processes.
Experimental
The examined compound [Ca(H 2 O) 2 ](ReO 4 ) 2 was obtained by treating calcium carbonate (bought from the SigmaAldrich company) with water-diluted perrhenic acid. The solution was concentrated by mild heating, and colourless crystals, obtained after cooling the solution, were purified by repeated crystallisation from four-time distilled water. Then, the crystals were dried for several days in a desiccator over BaO. The composition of the investigated compound was determined based on its calcium content by titration using EDTA. The average calcium content was found to be equal to the theoretical value for [Ca(H 2 O) 2 ](ReO 4 ) 2 within an error margin of ±0.79%.
X-ray diffraction intensity measurements (XRSCD) performed for the single crystal sample at 293 and 105 K were carried out on a Nonius Kappa CCD diffractometer equipped with a molybdenum X-ray tube and Oxford Cryostream cooler. The same data collection strategy (complete sphere of reciprocal space, 6 s exposure time) was used for each of these two experiments. The collected data were processed using DENZO-SCALEPACK [9] . The phase problem was solved using the SIR-92 programme [10] , and the refinement was performed with the SHELXL-97 programme [11] . The positions of the hydrogen atoms were located from the difference Fourier maps and refined positionally with individual isotropic thermal parameters. All non-H atoms were refined anisotropically.
Thermal analysis was performed using thermogravimetry and differential thermal analysis methods (TG/SDTA) with the aid of Mettler-Toledo 851 e apparatus. The sample of mass 56.3779 mg was placed in a 150-lL open corundum crucible. The measurements were made in a flow of argon (60 mL min -1 ), within a temperature range of 295-1085 K. The TG measurements were performed at a constant heating rate of 5 K min -1 . The simultaneous evolved gas analysis (SEGA) was performed during the experiments by a joined on-line quadruple mass spectrometer (QMS) using a Thermostar-Balzers apparatus. The temperature was measured by a Pt-Pt/Rh thermocouple with an accuracy of ±0.5 K.
Differential scanning calorimetry (DSC) measurements in the temperature range of 310-1500 K were performed using a Mettler-Toledo 821 e calorimeter. The sample of mass equal to 10.88 mg was placed in 40-lL aluminium open crucible, under constant flow of argon (80 mL min -1 ), with the heating rate equal to 10 K min -1 . The DSC measurements below room temperature were taken using a Mettler-Toledo 822 e calorimeter. Sample of mass 12.43 mg was placed in an aluminium container and closed by compression. Another empty vessel was used as a reference. The instrument was calibrated by means of the melting points of indium and water for the high-and lowtemperature region, respectively. The DSC measurements were taken during both heating and cooling of the sample at constant rates of 10 and 20 K min -1 for the sample. The enthalpy change (DH) was calculated by the numerical integration of the DSC curve under the anomaly peak after a linear background arbitrary subtraction. The entropy change (DS) was calculated using the formula DS = DH/ T C . Other experimental details were the same as those published in our previous paper [12] .
Fourier transforms far-and middle-infrared (FT-FIR, FT-MIR) absorption measurements were performed using a Bruker Vertex 70v vacuum Fourier transform spectrometer. The transmission spectra were collected with a resolution of 2 cm -1 and with 32 scans per each spectra for FT-FIR and FT-MIR, respectively. The FT-FIR spectra (500-50 cm -1 ) were collected for a sample suspended in Apiezon N grease and placed on a polyethylene (PE) disc. The FT-MIR spectra were collected for sample suspended in Nujol between KBr pellets. The Apiezon and Nujol additionally preserve the sample from decomposition and the influence of atmospheric conditions. Temperature measurements were carried out using Advanced Research System cryostat DE-202A and a water-cooled helium compressor ARS-2HW working in a closed cycle manner. The sample was loaded at room temperature, and measurements were taken on cooling down to ca. 9 K. The desired temperature was measured with an accuracy of ±0.1 K and stabilised for ca. 3 min before the measurements were taken. The LakeShore 331S temperature controller equipped with silicon diode sensor was used to control the temperature. The cooling rate between desired temperatures was ca. 3 K min . The PE and KRS5 windows were used in a cryostat in the case of FT-FIR and FT-MIR measurements, respectively.
The neutron powder diffraction (NPD) patterns were measured using the time-of-flight method on a NERA spectrometer [13] at the high-flux pulsed reactor IBR-2 in Dubna (Russia) at temperatures 10, 200, 250 and 295 K. Experimental details are the same as in our previous paper [14] . 2 . Diaquacalcium rhenate(VII) crystallises in the centrosymmetric monoclinic system in the space group I 2/a, No. = 15 with eight molecules per unit cell (Z = 8) in the high-and lowtemperature phase. The structure determined at room temperature is close to that reported earlier [6] . Figure 1  shows -anions have a mostly regular tetrahedral geometry with an average Re-O bond length of 1.72 Å . Each rhenate(VII) ion in the structure is hydrogenbonded to water molecules. The Ca atoms in this structure are coordinated by nine O atoms. The coordination geometry of the calcium ion can be best approximated as monocapped square antiprism CaO 6 (H 2 O) 3 . The same Crystal system Monoclinic Space group I 2/a Unit cell dimensions a = 18.1302(7) Å a = 90.000 (5) (4)O (5)O (9), respectively, while O(3) can be considered as the capping atom (see Fig. 2 ). Figure 2 was prepared using CrystalMaker software [17] and presents two Ca cations polyhedra which are connected by diamond. The dihedral angle between the two mean planes is 3.05018°at room temperature, whereas in the 105 K this angle is 3.35065°. Atom O3 vi projects through the second of these faces to provide the cap. The Ca atom is displaced by -1.814 Å from the first plane (defined by O(10)O(8)O(10)#5O(8)#4) at 105 K and by -1.844 Å at room temperature.
Results and discussion
The crystal structure formed by the title compound in the low-and high-temperature phases is rather stiff. This stiffness is caused by the network of hydrogen bonds [7] . The crystal structure in both phases is very similar. However, some kind of conformational flexibility (reorientations and librations) of the anion and complex cation is also possible. Detailed geometrical parameters of diaquacalcium rhenate(VII) at room temperature, compared with appropriate parameters at a temperature of 105 K, are listed in Table 2 (fractional coordinations and U(eq)) and Table S1 (selected bond lengths, angles and torsion angles, supplementary material). These parameters are close to those reported earlier [5] [6] [7] for the structure determined at room temperature.
Comparison of the structure determined at 105 K and at room temperature (see Table 1 and Table S1 ) shows the differences between torsion angles in the structure of [Ca(H 2 O) 2 ](ReO 4 ) 2 at 293 and 105 K. The interatomic distances (with the exception of Cl-O distance in the chlorate(VII) group) and atom displacement parameters are decreasing slightly, which is a natural consequence of the temperature decreasing. Geometrical details of hydrogen bonds, observed in the crystal structures determined at 293 and 105 K, are listed in Table S2 (supplementary material) . We can see slight differences of the hydrogen bond network in the crystal structure of the [Ca(H 2 O) 2 ](ReO 4 ) 2 at 293 and 105 K. This can be connected with changes in water molecule orientations. Figure 3 presents the NPD patterns registered at 295 K (phase I) and at 5 K (phase II) for scattering angles 2h = 51.15°. Thermal expansion is observed by increasing lattice distances; however, we cannot see any important differences between the NPD patterns obtained for all two crystalline phases. From the point of view of the neutron diffraction method, the crystal structure of [Ca(H 2 O) 2 ](ReO 4 ) 2 does not change (or the changes are very small) after the phase transitions. As was stated above from single crystal measurements, the crystal structure does not change in the phase transition at T C . This is mainly connected with slight changes in water molecule orientations. This aspect cannot be seen and investigated by means of neutron diffraction mainly due to high incoherent cross-section scattering for hydrogen atoms. This is why the neutron powder diffraction method is insensitive for water molecule orientation. This conclusion is compatible to the results obtained by us from single crystal X-ray diffraction measurements. The NPD patterns can be evaluated only qualitatively.
A comparison of the neutron diffraction patterns obtained for [Ca(H 2 O) 2 ](ReO 4 ) 2 at 295 and 5 K with those theoretically calculated is presented in Fig. 3 . The calculations of the ND patterns were performed with FullProf package [18] based on crystal structures data determined (3) 2296 (8) 2910 (20) 1020 (11) 56 (3) O (4) 3792 (7) 2127 (18) 986 (9) 44 (3) O (5) 4228 (7) 720 (20) 4372 (9) 47 (3) O (6) 4866 (8) -110 (20) 2846 (10) 54 (3) O (7) 3325 (10) -930 (20) 2516 (12) 65 (4) O (8) 4525 (9) -3080 (20) 3928 (10) 59 (4) O (9) 2996 (9) 6330 (30) 4243 (13) 68 (5) O (10) 4681 (8) 6265 (19) 5874 (10) 47 (3) Ca (1) 3994 (2) 3981 (5) 4491 (3) 42 (1) Re (1) 3258 (1) 3643 (1) 1420 (1) 42 (1) Re (2) 4229 (1) -875 (1) 3415 (1) 43 (1) 105 K O(1) 3600 (3) 3744 (8) 2720 (4) 10 (1) O (2) 3284 (3) 5823 (9) 897 (4) 12 (1) O (3) 2291 (3) 2838 (9) 1003 (4) 10 (1) O (4) 3800 (3) 1999 (8) 1019 (4) 9 (1) O (5) 4217 (3) 682 (8) 4376 (4) 7 (1) O (6) 4914 (3) -28 (9) 2918 (4) 10 (1) O (7) 3341(3) -1049 (8) 2508 (4) 10 (1) O ( Three sharp endothermic peaks above 404, 434 and 448 K can be observed in Fig. 4 . These peaks can be interpreted as connected with the sample dehydration, which will be proved below by means of the TG results. The results obtained in this paper are nearly identical as presented so far in the literature [19] . [20] . Namely, in the first stage, dehydration takes place in a single step at 150°C (423 K) and next in the second stage the anhydrous products are formed. Thermodynamics parameters 2 (300-600 K) [5] . Anhydrous Ca(ReO 4 ) 2 is more stable than nickel and cadmium rhenates(VII). . One distinct anomaly on each of these two DSC curves was registered at: T h c = 261.2 K and T c c = 231.2 K (where indexes h and c denote heating and cooling of the sample, respectively). These phase transition temperatures were taken as the onset temperature (T onset ) for the endothermic peak in the DSC curve response. Thus, the title compound has two solid phases in the temperature range 120-300 K: high-temperature phase (phase I) and low-temperature phase (phase II). The mean values of the enthalpy and entropy changes in the detected phase transitions are presented in Table 3 . The value of entropy change DS & 1.6 ± 0.08 J mol -1 K -1 accompanying these phase transitions suggests also their ''order-disorder'' mechanism. The presence of 30 K hysteresis of the phase transition temperature at T C and sharpness of the anomaly attests that the detected phase transition is of the first-order type.
Phase transition investigations by DSC

Vibrational motions and phase transition
Vibrational FT-IR and Raman spectra for [Ca(H 2 O) 2 ] (ReO 4 ) 2 were measured as a function of temperature. The list of the band positions, their relative intensities and tentative assignments are listed in Table 4 . The assignments of these vibrations were proposed by comparing their frequencies with the literature data collected for titled compounds and similar ionic aquametal(II) complexes [23, 24] and perrhenate complexes [4, 24, 25] . All characteristic frequencies of H 2 O and ReO 4 -internal modes were identified. Also some of the bands associated with stretching of Ca-O and bending of the O-Ca-O bonds were observed. These assignments proved that the composition and structure of the investigated compound are correct. According to the group theory, unperturbed registered during the cooling of the sample from 290 to 9.3 K. The spectra marked with pink and blue were registered for the high-temperature (above T c ) and the lowtemperature (below T c ) phases, respectively. The assignment of the chosen IR spectra to the corresponding phase was based on the differential scanning calorimetry (DSC) results. Some interesting changes can be noticed for the far-infrared bands in the range 600-50 cm -1 associated with the librational modes of water molecules (twisting q t (H 2 O) and rocking q r (H 2 O) modes). During the cooling of the sample, the intensity changes and narrowing of this band can be noticed in the region of the phase transition (PT). Additionally, FT-FIR measurements showed that bands associated with bending d(OReO) deformation modes (wave number between 360 and 317 cm -1 ) narrow continuously with temperature decreasing (see Fig. 8 and Table 4 The temperature-dependent FT-MIR spectra were also recorded during a cooling of the sample. Figure 9 shows exemplarily the spectra in the wave number ranges: 4000-2800 cm -1 and 2400-400 cm -1 at selected temperatures of measurement. Some evident changes in the spectra at the temperature region of the phase transition can be noticed. Namely, apart from the narrowing, the splitting of some bands can be seen below the phase transition. As one can see in Fig. 9 , new bands start to appear in the spectra on cooling just after the phase transition temperature (at ca. 230 K) in the wave number range 3700-3300 cm -1 , connected with the asymmetric and symmetric stretching modes (m as (OH) and m s (OH)). As one can see in the spectra in Fig. 9 , the band at 1628 cm
starts to split into two peaks at 1635 and 1617 cm -1 on cooling at ca. 240 K (before the phase transition temperature T c ). Figure 10 shows the Raman spectra in the wave number range of 3700-3300, 1070-850 and 450-50 cm 
Conclusions
The results obtained in this work and their comparison with the literature data have led us to the following conclusions:
At room temperature, (RT) diaquacalcium rhenate(VII) crystallises in the centrosymmetric monoclinic system (space group I 2/a, No. = 15) with the unit cell parameters: The differential scanning calorimetry (DSC) revealed that diaquacalcium rhenate(VII) exhibits, in the temperature range of 300-120 K, one reversible phase transition at ca. T h c = 261.2 K (onset on heating) and T c c = 231.2 K (onset on cooling). The thermal hysteresis of the phase transition temperature T c equal to *30 K and the heat flow anomaly sharpness suggest that the detected phase transition is a first-order one. The values of the entropy changes (1.6 ± 0.08 J mol -1 K -1 ) accompanying the phase transition suggest its ''order-disorder'' mechanism.
The neutron diffraction pattern (ND) at 295 K is nearly exactly the same as that at 5 K, which implies that the phase transition at T 
